PURPOSE
The objective of this inquiry-based lesson is for students to gain an understanding of how increasing ocean acidity can affect the calcification of marine organisms. During this activity, students: (1) design an experiment to quantify the CaCO 3 concentration of two invertebrate skeletal samples, one that has been soaked in normal seawater and another in a low pH solution, and (2) use critical thinking and discussion to evaluate possible explanations for the difference in the skeletal CaCO 3 compositions. Our lesson focuses on exploring the activity before ocean acidification is introduced to provide a common conceptual framework to engage students.
AUDIENCE
The lesson is designed for undergraduate introductory chemistry or chemical oceanography courses.
BACKGROUND
The ocean has absorbed more than one-third of the atmospheric CO 2 released since the Industrial Revolution (Fabry et al., 2008) . Current atmospheric CO 2 levels are approaching 400 ppmV (Hilmi et al., 2012) . Oceanic surface waters absorb excess atmospheric CO 2 , resulting in decreased ocean pH via a series of chemical reactions (see below). This process is known as ocean acidification (Caldeira and Wickett, 2003) . When CO 2 dissolves into the ocean, carbonic acid forms (I). The equilibrium relationships between total dissolved inorganic carbon (i.e., the relationship between the species in brackets) are represented by K and are provided to the right of each equation (Dickson, 2011) . When CO 2 is added to seawater, the reactions take place in equilibrium. The equilibrium constants are a function of temperature, salinity, and atmospheric pressure of CO 2 (Dickson, 2011 (Feely, 2006) . Many of these planktonic organisms are important food sources for fish, invertebrates, and mammals.
Severe changes in planktonic populations may alter the community structure and could negatively impact trophic cascades (i.e., primary and secondary consumers; Kleypas et al., 2006) .
Diminishing availability of carbonate ions (CO 3 2-) can reduce development, growth, and survival throughout larval development (Ries et al., 2009; Gazeau et al., 2010; Barros et al., 2013; Kroeker et al., 2013) . For example, a recent meta-analysis demonstrated that molluscs show significant reductions in calcification (40%), survival (34%), growth (17%), and development (25%), with larvae being the most sensitive to lower pH scenarios (values are effect sizes, see Kroeker et al., 2013) .
Reductions in calcification and growth during larval stages could lead to potential bottlenecks that result in decreased ecological fitness for the species (Langenbuch and Portner, 2004) . As a result, early life history stages could be physiologically constrained in their ability to adapt to climate stressors.
The current rapid ocean acidification does not allow time for slow-growing organisms, such as corals, to acclimate. For instance, resistance to bleaching and disease may decrease as corals re-allocate energy toward overcoming reductions in skeletal production. Diminishing coral habitat will adversely impact coastal communities that rely on reefs for protection from storm surge and erosion (Kleypas et al., 2006) . In addition, a deteriorating reef ecosystem is likely to negatively impact important economic fisheries (e.g., grouper, snapper, and lobsters) and tourism, resulting in a loss of billions of dollars for these industries (National Oceanic and Atmospheric Administration, 2008).
RESEARCH QUESTIONS AND HYPOTHESES
During this activity, students choose one type of animal skeleton (e.g., crab, shrimp, urchin, coral) and design an experiment to compare the CaCO 3 content of the skeletal samples from two different environmental scenarios (control pH vs.
low pH solutions). Prior to class, the instructor prepares the skeletal materials by soaking them in solutions of differing pH.
Students will then generate their own hypotheses and design procedures to determine the CaCO 3 content of their samples.
For example, students might hypothesize that they can capture and quantify the amount of CO 2 gas released from the reaction Prior to experimentation, instructors should have students explain the rationale for their hypotheses and critique their experimental designs.
MATERIALS Main Activity
• Organism information table (Table 1) • Samples of cuttlefish bone, coral, and shells from crab, shrimp, clam, mussel, snail, and oyster. Some shells may be found at craft stores; shrimp, clam, and oyster shell samples can be obtained at seafood markets or grocery stores.
• Gloves, goggles, aprons
• Vinegar (or dilute HCl) for instructor to prepare "low pH condition" samples • HCl (3 M solution)
• Thin-stem pipettes (~ 4 ml)
• Electronic balance (precision of ± 1 mg)
• Mortar and pestle
• Beakers of various sizes (50 ml, 250 ml)
• Graduated cylinders (10 ml, 50 ml)
• Fume hood During this activity, student groups (two or three per group) are challenged to design an experiment to compare the calcium carbonate content of two shell samples from one type of marine invertebrate. The students can choose from whatever types of skeletons or shells are available from the instructor. After completing the experiment, students compare their results and discuss the differences they found between the two skeletal samples. Ocean acidification is introduced as a potential contributor to the deterioration of calcium-based structures in marine organisms. This activity is a revision of a guided inquiry activity investigating the CaCO 3 composition of eggshells (Lechtanski, 2000) .
1. The instructor provides students with 0.5 g each of one type of shell or skeleton from the "control" and "low pH" pre- c. Method #3 (less common): Students may decide to measure the volume of the CO 2 gas produced using a water displacement method (Figure 3) . Students approximate the relationship between the quantity of gas released during their experiment and percent CaCO 3 composition of their sample. After determining the volume and type of gas produced, students write a balanced chemical equation for the reaction. Knowing the volume of gas collected allows students to solve for moles of CO 2 using the Ideal Gas Law (Table 2 ) PV = nRT (P = 1 atm, V = volume of CO 2 collected, n = moles of CO 2 , R = 0.0821, and T = temperature of water the gas was collected over). After determining moles of CO 2 , students can estimate percent CaCO 3 composition by using mole ratios to determine the moles of CaCO 3 . Mass of CaCO 3 can then be calculated.
Remind students that temperature and pressure affect gas solubility (i.e., as temperature of a solution increases, gases become less soluble; as pressure increases, gases become more soluble). Be sure the gas collection apparatus is tightly sealed to prevent gas escape. This method yields poor analytical results due to gas loss. 6. Allow students to come up with pH as a potential reason for the differences in samples. Before getting too involved in the discussion of reduced pH in the ocean, the instructor can challenge students to explore their "theories"/reasons by performing the demonstrations described in the PostActivity Demonstrations section below.
POST-ACTIVIT Y DEMONSTR ATION | Observing How CO 2 Lowers Solution pH

SUGGESTED CLASS TIME | 10 minutes
Students have not been introduced to the term ocean acidification. However, after the experiment they conducted, they will likely understand that acids dissolve calcium-based products.
The bubble-blowing activity is used as an analogy to allow students to visualize how an invisible gas resulting from respiration reduces the pH of the solution. The link to ocean acidification is explained later with CO 2 emitted from fossil fuel combustion being the air we breathe out in the activity and the solution in the container being the ocean. The bubble-blowing activity is used to demonstrate how the dissolution of CO 2 into the ocean lowers pH. net/multimedia/newgoogleearthtouroceanacidification. 5.19b40be31390c033ede80001577.html. Table 2 . Summary of gas laws used by students to help determine the percent CaCO 3 composition of their samples. Formulas and a general description of the application of each law are provided (Wilbraham et al., 2008 ) .
Gas Law Formula Application
Boyle's Law P 1 V 1 = P 2 V 2 The volume of a fixed quantity of gas maintained at a constant temperature is inversely proportional to pressure.
Charles's Law V 1 /T 1 = V 2 /T 2 The volume of a fixed amount of gas maintained at constant pressure is directly proportional to its absolute temperature.
Combined Gas Law (P 1 V 1 )/T 1 = (P 2 V 2 )/T 2 Combination of Boyle's, Charles's, and Gay-Lussac's laws.
Avogadro's Principle V = (constant)(n) when at standard temperature (0.00°C) and pressure (1.00 atm)
The volume of a gas at constant temperature is directly proportional to the number of moles of the gas. Equal volumes of gases at the same temperature and pressure contain equal numbers of molecules. One mole contains 6.02 x 10 23 molecules. At standard pressure and temperature, any gas will occupy about 22.4 L.
Ideal Gas Law PV = nRT "R" represents the ideal gas constant (R = 0.0821 L atm/mol K). Helps find the number of moles of a gas when pressure, temperature, and volume are known.
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